Acute lymphoblastic leukemia is still an incurable disease with resistance to therapy developing in the majority of patients. We investigated the effect of TPEN, an intracellular zinc chelator, in Jurkat and in ex vivo acute lymphoblastic leukemia (ALL) cells resistant to chemotherapy. Changes of nuclei morphology, reactive oxygen species generation, presence of hypodiploid cells, phosphatidylserine translocation, mitochondrial membrane depolarization, immunohistochemical identification of cell death signalling molecules, and pharmacological inhibition were assayed to detect the apoptotic cell death pathways. We found that TPEN induces apoptosis in both types of cells by a molecular oxidative stress pathway involving O 2
Introduction
Leukemia is a malignancy of hematopoietic cell populations responsible of at least 37,520 new cases and 15,200 people deaths in the United States [1] . Although the cause of leukemia is still unknown, several cellular, genetic, and biochemical alterations are the most probable mechanisms of cause [2] [3] [4] [5] . Apoptosis is a controlled and regulated form of programmed cell death defined by specific morphological and biochemical features [6] [7] [8] . Reactivation of the apoptotic cell death appears as a major goal to eliminate cancer cells [9, 10] . Unfortunately, secondary therapy-related leukemia (e.g., acute lymphocytic leukemia, ALL) might emerge following chemotherapy, radiotherapy, and/or terminal differentiation for primary malignancies [11] [12] [13] . Consequently, leukemia is still an incurable disease with resistance to therapy developing in the majority of patients. Therefore, it is necessary to investigate therapies to either achieve maximal cancer cell death or cell terminal differentiation. Given the complexity of death/differentiation pathways within a cell [8, [14] [15] [16] , placing these pathways in the proper relationship to the drug trigger is challenging. Since metal dysregulation (e.g., zinc) has been shown in patients with leukemia [17, 18] and it is essential cofactor for many proteins and transcription factors [19, 20] , it is reasonable to think that the use of chelators might be a potential class of pharmaceutical agents to battle different types of cancer [21, 22] . Therefore, zinc depletion [19, 20] in ALL patients might be a realistic goal. TPEN (N,N,N,N-Tetrakis(2-pyridylmethyl)-ethylenediamine) is a lipid-soluble zinc metal chelator and has been 2 Oxidative Medicine and Cellular Longevity shown to induce apoptosis in several cancer cells [23] [24] [25] [26] [27] through caspase family of proteases [25, [28] [29] [30] [31] [32] [33] , transcription factor p53 [28, 33] , and X-linked inhibitor of apoptosis protein (XIAP [27] ). Yet, the complete molecular mechanism of cell death signaling induced by TPEN in a single cell has not yet fully established. Interestingly, the antioxidant Nacetyl-L-cysteine (NAC) inhibited the cytotoxic effect of TPEN, indicating that oxidative stress (OS) is the likely mediator of Zn-deficiency-related cell death [25] . Remarkably, molecules that generated OS induce a minimal completeness of cell death signaling pathway as a mechanistic explanation of cancer cell demise [34] . We hypothesize that TPEN might induce apoptosis by OS in leukemia cells.
To test this assumption, we sought (i) to determine whether TPEN treatment induces OS through H 2 O 2 , and activation of the proapoptotic transcription factors, kinases, and caspase-3 in Jurkat cells, used as a model of human ALL. We also wanted (ii) to determine the role played by the apoptosis-inducing factor (AIF) in TPEN treatment. Glucose appears to be critical pathophysiology resistance against OS in cancer cells [35, 36] . We evaluated therefore whether glucose might alter the survival response to TPEN in Jurkat cells. To validate this in vitro data, ALL cells from one patient resistant to chemotherapy and radiotherapy were challenged with TPEN. ALL cells were similarly evaluated for nuclei morphological changes, loss ΔΨ m , p53, and caspase-3 activation or AIF analysis. Understanding the mechanism of OS may provide insight into more effective anticancer therapy.
Materials and Methods
3,3 -dihexyloxacarbocyanine iodide (DiOC 6 (3), cat # D-273), ammonium pyrrolidinedithiocarbamate (PDTC, cat. # 548000), and 1,9-pyrazoloanthrone (SP600125, cat # 420119) were acquired from Calbiochem. Propidium Iodide and 7-AAD BD via-probe cell viability was all purchased from BD Bioscience (San Jose, CA). Annexin V-Phycoerythrin (PE) apoptosis detection kit was purchased from BD Pharmingen (San Diego, CA). Dichlorofluorescein diacetate (DCFH 2 -DA) was obtained from Invitrogen. All other reagents were from Sigma-Aldrich.
Jurkat T Leukemia Cell
Culture. Jurkat clone E6-1 (ATCC Catalog no. TIB-152) were cultured according to supplier's indications.
Experiments with Jurkat Leukemia Cell Line

Morphological Assessment of Cell Death by Fluorescence
Microscopy and Flow Cytometry Analysis. The cell suspension (1 mL, final volume) was exposed to increasing TPEN (0.1-5 μM) concentrations freshly prepared in RPMI-1640 medium either with glucose (G11, G55; Gibco/Invitrogen) or absence (G0) in the absence or presence different products of interest for 24 h at 37
• C. Fluorescent microscopy analysis and quantification of apoptotic morphology was performed according to [37] . The apoptotic indexes were assessed 3 times in independent experiments blind to experimenter. For annexin V/7-AAD flow cytometry analysis, cells were evaluated according to supplier's protocol (BD Pharmingen, San Diego, CA) with a flow cytometer FACSCanto II, Becton Dickinson (San José, CA). The flow cytometry apoptosis was assessed 3 times in independent experiments.
Determination of DNA Fragmentation by Flow
Cytometry. DNA fragmentation was determined by using a hypotonic solution of propidium iodide (PI). Cells entering the sub-G1 phase were used as the marker for apoptosis. Cell suspensions were analyzed in a FACScanto III flow cytometer (Beckton Dickinson). 20,000 events were assessed. Determination of DNA fragmentation was assessed 3 times in independent experiments.
Evaluation of Intracellular Reactive Oxygen Species (ROS). Superoxide anion radical (O 2
•− ) was examined for formation of formazan positive cells and quantification was evaluated according to [38] . The assessment was repeated 3 times in independent experiments.
Hydrogen peroxide (H 2 O 2 ) was determine with 2 ,7 -dichlorofluorescein diacetate (5 μM, DCFH 2 -DA) according to supplier's protocol using a flow cytometer FACSCanto II, Becton Dickinson (San José, CA). The assessment was repeated 3 times in independent experiments.
Analysis of Mitochondrial Membrane Potential ( ΔΨ m )
by Flow Cytometry. Jurkat cell line was treated as described above. Then, cells (1 × 10 5 ) were incubated for 20 min at room temperature in the dark with cationic lipophilic DiOC 6 (3) (10 nM, final concentration) and intercalating agent propidium iodide (PI, 12.5 ng/mL, final concentration) according to standard protocol. Cells were analyzed using a flow cytometer FACSCanto II, Becton Dickinson (San José, CA). The assessment was repeated 3 times in independent experiments.
Immunocytochemistry Detection of Transcription Factor
NF-κB, p53, c-Jun, Caspase-3, and Apoptosis-Inducing Factor (AIF). The Santa Cruz Biotechnology supplier protocol (goat ABC staining System: cat # sc-2023) was followed for the immunocytochemistry using primary goat polyclonal antibodies NF-κB p65 (C-20)-G (cat # sc-372-G), p53 (FL-393) (cat # sc-6243-G), p-(Ser73)-c-Jun (cat # sc-7981), caspase-3 (cat # sc-22171), and AIF (cat # sc-9417). The cells were immune-stained and diaminobenzidine positive (DAB + ) cells were quantified according to [37] .
Protection and Rescue
Experiments. The Jurkat cell suspension (1 mL, final volume) was treated with (3 μM) TPEN alone immediately (for protection experiments) or left for 6 h (for rescue experiments). Then after, cells were coincubated with antioxidant and inhibitor reagents at the concentration listed in Table 1 at 37 • C for up to 24 h. After this time, cells were evaluated for apoptotic features by either fluorescence microscopy or flow cytometry, as described in previous section. The assessment was repeated 3 times in independent experiments. 
Patient Blood Cells Culture Conditions.
After obtaining informed consent, peripheral blood was collected from a chemotherapy and radiotherapy resistant ALL cells from a patient (female, 53 years old) diagnosed according to classical morphological, cytogenetic, and immunophenotypical criteria. The Institutional Ethics Committee at University of Antioquia approved this study. Whole blood sample (1 mL) from an ALL patient was incubated with 0, 5, 10, 15, 20 μM TPEN at 37
• C for 24 h. A smear of blood (30 μL) was stained with Giemsa and an aliquot (100 μL) was stained with AO/EB/Hoechst dye for nuclei morphological changes analysis. After hemolysis of red blood cells in the remaining sample volume, cells were analyzed for ΔΨ m under identical conditions by flow cytometry. Results represent a mean ± S.D. of two replicas from one experiment. Lymphoblastic cells (LC) purified by Ficoll-Hypaque (Lymphoprep, BioWhittaker Products, Verviers, Belgium) were washed thrice with PBS (10 mM sodium phosphate, 160 mM NaCl, pH 7.4) and finally suspended in RPMI-1640 medium (GIBCO laboratories, NY, USA) under standard culture conditions. The LC were plated in 24-wells (1 × 10 6 cells/mL/well) and treated with similar TPEN concentrations as described above at 37
• C for 24 h. LC were used for immunohistochemistry analysis.
Statistical Analysis.
Data are means ± S.D. of three independent experiments. One-way ANOVA analyses with Bonferroni or Games-Howell post-hoc comparison were calculated with SPSS 18 software. A P value of * < 0.05 and * * <0.001 was considered significant. 
Results
TPEN Induces Apoptosis in Jurkat Cells in a Con
TPEN Induces Transcription
Factors, Caspase-3 Activation, and AIF Nuclei Translocation. Next, we investigated whether TPEN was able to activate transcription factors, JNK kinase, caspase-3 [34] , and AIF. As shown in Figure 4 , compared to untreated cells (e.g., ∼2%, Figure 4 (a)), TPEN effectively induced NF-κB (e.g., 38 ± 1%, Figure 4 presence of pharmacologic inhibitors (Table 1) , according to AO/EB/Hoechst staining and flow cytometry technique. Moreover, cells pre-exposed to TPEN for 6 h and then coincubated with inhibitor compounds were able to rescue Jurkat cells from apoptosis (Table 2) . (Table 1) and rescues ( sample with TPEN displayed nuclei changes typical of apoptosis compared to untreated cells (Figure 6(a) and inset) . Noticeably, these morphologies are comparable to those displayed by Jurkat cells treated with TPEN (Figure 1(b) ). Likewise, TPEN induced mitochondrial depolarization (Figure 6 (g) versus Figure 6(h) ). Interestingly, TPEN induces both phenomena in a concentration dependent fashion (Figure 6(i) ). As shown in Figure 7 , TPEN significantly induces activation of p53 (Figure 7(b) ), caspase-3 ( Figure 7(c) ), and translocation of AIF to nuclei (Figure 7(d) ) compared to cells in absence of zinc chelator (Figure 7 
TPEN Induces Apoptosis in Jurkat Cells Independent of Glucose Concentration but Its Toxic Effect Is
TPEN Induces Apoptosis in ALL Cells via Mitochondria
Discussion
In the present investigation, we report for the first time in vitro evidence of a cause and effect mechanism of apoptosis induced by the zinc chelator TPEN in Jurkat cells, and in ALL cells from a leukemic patient. The TPEN-induced apoptosis complies with the model of minimal completeness of cell death signaling induced by OS [34] . Most importantly, we demonstrated that TPEN induced cell death independently of cellular energy requirement (i.e., glucose [39] explanation of leukemia cell demise. Specifically, we showed that TPEN induces apoptosis primarily via OS. We found that NAC not only significantly protect but also rescue Jurkat cells against TPEN exposure [25] . Moreover, when cells were exposed to Zn/TPEN complex, comparable O 2
•− /H 2 O 2 values to untreated cell were detected; consequently, TPENinduced apoptosis was significantly reduced. This data implies that zinc disabled TPEN to generate ROS, thereby turning down cell signalling. This observation therefore suggests that TPEN induces apoptosis independently of its metal chelator function. However, the source of TPEN generated O 2
•− is unknown. Whatever the mechanism of generation may be, we have shown that TPEN induces sustained generation of O 2
•− up to six hours of incubation and then slowly declined until complete incubation time (24 h). Overproduction of O 2
•− leads to production of H 2 O 2 through either enzymatic or nonenzymatic reactions. Effectively, TPEN induced a dramatic increase of H 2 O 2 from the first hours up to 12 h (∼80%-60%) and then declined to ∼30% at 24 h. These H 2 O 2 production values are aberrantly high when compared to base line in untreated cells (∼10%). It is accepted that high H 2 O 2 may serves as oxidant signal which might activate critical signalling molecules such as NF-κB [40] . It has been shown that H 2 O 2 indirectly activates the transcription factor NF-κB via several kinases [41] [42] [43] [44] [45] . Accordingly, TPEN induces activation of NF-κB transcription factor in Jurkat cells showing fragmentation and condensation, typical indication of apoptotic morphology. Pharmacological inhibition of NF-κB with PDTC significantly inhibited TPEN-induced apoptosis. These observations comply with the notion that NF-κB is involved in apoptosis [46, 47] in Jurkat cells exposed to TPEN. In line with this notion, NF-κB transcribes proapoptotic genes such as p53 [48] . TPEN induces p53 activation and translocation to nuclei. TPEN activates p53 not only in Jurkat cells (this work) but also in neuronal cells [28, 33] . It is perhaps not surprising that activated p53 triggers apoptosis by altering mitochondria function [49] , suppressing anti-oxidant genes [50] and regulating metabolic genes [51] . These data suggest that p53 acts both as crucial node downstream of diverse stress signals and as a stress sensor. However, p53-induced apoptosis can be stopped and reverse. Specific inhibitor PFT is able to protect and rescue TPEN-induced apoptosis in Jurkat cells. This observation further reinforces the notion that p53 is susceptible to regulation process, thereby potentially directed to specifically destroy malignant cells. P53 has therefore become an excellent candidate to therapeutic approaches against leukaemia cells [52] [53] [54] . In contrast to Ak and Levine [55] , we conclude that both NF-κB and p53 have evolved to respond to OS and that they can function in the same cell at the same time.
TPEN/H 2 O 2 stress provoked loss of ΔΨ m concomitantly with externalization of PtdSer in a time-dependent fashion, as typical marker of apoptosis. However, the flow cytometer values for loss ΔΨ m and PtdSer were significantly different. This observation suggests that either drop ΔΨ m occurs previous to externalization of PtdSer or Annexin V assay unsuccessfully label all apoptotic cells [56] . In accordance with others [25, 28, [30] [31] [32] [33] , we found caspase-3 activation in treated cells. The participation of caspase-3 in TPEN toxicity was confirmed by using NSCI inhibitor, which not only protects but also rescues cells from TPEN toxicity. Caspase-3 activation therefore constitutes a critical protease and a marker of cell death induced by OS. We report for the first time that TPEN provokes AIF to translocate to the nucleus and induces chromatin condensation. In contrast to others [57] , AIF is primarily involved in apoptosis in Jurkat cells exposed to TPEN, at least under the present experimental conditions. In support of this view, Stambolsky et al. [58] have shown that p53 regulates expression of AIF. We conclude that depending on the cell type and stress stimuli, AIF might be involved in apoptosis or necrosis [57, 59] . It is concluded that TPEN induces apoptosis in Jurkat cells mainly mitochondrialmediated pathway [60] by two complimentary but independent cell death subroutes: AIF-and caspase-3 dependent mechanism. However, we found that the proportion of nuclei in stage II detected by fluorescence microscopy was higher than the proportion of nuclei in stage I. One possible explanation is that TPEN chelates zinc from caspase-3, increasing its catalytic activity [32] and thereby overpassing the mitochondrial caspase activation process. Furthermore, TPEN also destroy XIAP, a natural caspase-3 inhibitor [27] . It is therefore not surprising that zinc, being a potent inhibitor of caspase-3 [61] , protects and rescues Jurkat cells from TPEN toxic effects. Therefore, AIF and caspase 3 should be used as regular markers of cell death. Additionally, TPEN induces apoptosis via activation of c-Jun and JNK kinase and their activation might be mediated by H 2 O 2 [62] . It has been reported that JNK phosphorylated p53 [63] . In view of the present data and those reported by Yin et al. [64] comply with the notion that NF-κB, JNK and p53 pathways are involved in OS in HepG2 cells and Jurkat cells (this work).
We found that TPEN-induced nuclei fragmentation morphology and loss ΔΨ m in a concentration-dependent manner in whole blood cells from ALL patient. Treatment of isolated ALL cells with (5μM) TPEN displayed p53, caspase-3, and AIF DAB + compared to untreated cells. These data suggest that TPEN induces apoptosis in ALL leukemic cells by a similar mechanism as the one induced by TPEN in Jurkat cells (Figure 8 ). However, we noticed that almost fivefold concentration of TPEN was necessary on whole blood (5)). Once NF-κB (4) through phosphorylation of its inhibitor IκBα, it translocates into the nucleus and transcribes several antiapoptotic genes (7) and proapoptotic genes, amongst them the p53 (8) . This transcription factors balance the cell decision to death by several actions: p53 either directly impact mitochondria or transcribes proapoptotic genes such as Bax contributing to the permeabilization of the outer mitochondrial membrane by antagonizing antiapoptotic proteins (9) . Simultaneously, p53 induces expression of prooxidant genes (e.g., p53-induced gene-3 (PIG3), proline oxidase (PO), (10) , which generate more H 2 O 2 (2), and represses the transcription of antioxidant genes. Thus, H 2 O 2 over-production and further activation of NF-κB induce upregulation of proapoptotic genes (e.g., p53), which in turn amplify the initial H 2 O 2 -induced cell death signal. Mitochondrial damage allows the release of apoptogenic factors (11) such as AIF, and cytochrome C, which together with dATP, pro-caspase-9, and apoptotic protease activating factor-1; that is, the apoptosome complex triggers activation of caspase-3 protease (12) . This protease in turn activates the endonuclease DFF40/CAD, by cutting the nuclease's inhibitor DFF45/ICAD. Finally, DFF40/CAD causes nuclear chromatin fragmentation (stage II nuclei morphology, (13) , typical of apoptosis. Alternatively, AIF translocates into the nucleus to generate chromatin fragmentation (stage I nuclei morphology (14) ). Noticeably, zinc chelator TPEN further warrants killing of the cell by either directly activating caspase-3 (15) or by releasing caspase-3 from X-linked inhibitor of apoptosis (XIAP, 15). Interestingly, TPEN toxicity can be blocked by the antioxidant N-acetyl-cysteine (NAC) (16) and zinc ions (17) , probably by changing its tridimensional structure. Untreated 5 ± 2 9 ± 3 9 ± 2 1 3 ± 2 1 6 ± 2 TPEN (5 μM) 97 ± 1 7 9 ± 2 7 4 ± 3 9 0 ± 3 8 2 ± 3 ALL cells to reach a comparable value of apoptosis in Jurkat cells treated with TPEN. Since TPEN was able to fully induce apoptosis in ALL via activation of cell death signaling mechanism, it is concluded that the resistance of the ALL cells to chemotherapy is unrelated to malfunction of the cells' death machinery elements, at least, in the death markers assessed in this work, but most probably by other genetic alterations [65, 66] . It is therefore proposed that TPEN might be explored as potential therapeutic agent molecule against ALL leukemia.
